We have carried out an antigenic analysis and nucleotide sequence comparison of the envelope glycoprotein of recognized louping ill virus strains isolated from Scotland with that of a Norwegian virus known to cause encephalomyelitis in sheep. Monoclonal antibodies with defined specificity for the louping ill virus envelope glycoprotein failed to distinguish between the Norwegian virus and prototype louping ill virus in indirect immunofluorescence, haemagglutination inhibition and neutralization tests. Nucleotide sequencing of the envelope glycoprotein and alignment of the deduced amino acid sequence with other known sequences revealed that the Norwegian virus closely resembles (> 95 % identity for nucleotide and > 98% identity for amino acid sequences) louping ill virus. Maximum variation in identities among four strains of louping ill virus were 4-4 % and 1.8 % respectively for nucleotide and amino acid alignments. We conclude that sheep encephalomyelitis in Norway is caused by louping ill virus. These results imply that other viruses present in Europe and known to cause encephalitis/encephalomyelitis of sheep could be caused by louping ill virus.
Louping ill (LI) virus is a tick-borne member of the genus Flavivirus in the family Flaviviridae and is closely related antigenically to other members of the tick-borne encephalitis (TBE) flavivirus serocomplex (Porterfield, 1980; Westaway et al., 1985; Francki et al., 1991) . There are currently about 68 antigenically distinct, but very closely related viruses in the genus, many of which cause serious human and animal diseases. Flaviviruses contain a positive-stranded RNA genome approximately 10.5 kb in length and with a similar organization. Complete or partial nucleotide sequences of many flaviviruses have been determined (Rice et al., 1985; Castle et al., 1985; Deubel et al., 1986 Deubel et al., , 1988 Zhao et al., 1986; Dalgarno et al., 1986; Mason et al., 1987; Sumiyoshi et al., 1987; Trent et al., 1987; Mandl et al., 1988; Hahn et al., 1988; Coia et al., 1988; Pletnev et al., 1990; Osatomi & Sumiyoshi, 1990; Shiu et al., 1991; Mandl et al., 1991; Venugopal et al., 1992) . The flavivirus genome encodes three structural [capsid, membrane and envelope (E)] and seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) proteins. Among them, the E glycoprotein is associated with haemagglutination (HA),
The sequence data from this article have been deposited with the DDBJ, EMBL and GenBank DNA databases under the accession numbers: LI/K, DI2935; LI/NOR, D12936; LI/31, D12937. receptor binding, neuropathogenicity, membrane fusion, and inducing protective antibody responses (for reviews, see Heinz, 1986; Gould et al., 1990) . Antibodies against the E protein have also been used to investigate the interrelationships of the flaviviruses (de Madrid & Porterfield, 1974; Stephenson et al., 1984; Gould et al., 1985b; Calisher et al., 1989; Heinz et al., 1990) .
LI virus was the first tick-borne flavivirus to be isolated (Pool et al., 1930) and the disease has been conventionally considered to be restricted to the British Isles (Reid, 1988; Monath, 1990) . The virus causes acute, sometimes fatal, infection characterized as fever and encephalitis/encephalomyelitis in sheep. Distinctive molecular homologies and genetic markers, identified by alignment of the deduced amino acid sequences encoding the E proteins of tick-borne flaviviruses, have recently enabled the differentiation of LI and TBE viruses at the genetic level (Shiu et al., 1991 (Shiu et al., , 1992 Venugopal et al., 1992) .
Although a sheep disease caused by LI-like viruses was reported in Bulgaria (Pavlov, 1968) , Turkey (Hartley et al., 1969) , Spain (Gonzalez et al., 1987) and Norway (Reid, 1988) , there have been no reported antigenic or genetic comparisons of these viruses with LI virus. Monoclonal antibodies (MAbs) generated against central European encephalitis virus have been used to (Stephenson et al., 1984) . In this paper, we have used serological analysis, pathogenicity characteristics and nucleotide sequencing of the viral E glycoproteins to compare the relationship of a Norwegian strain of LIlike virus with four Scottish strains of recognized LI virus. Our results confirm that LI virus does cause encephalitis/encephalomyelitis in sheep outside Great Britain and Ireland. All LI viruses used are described in Table 1 . MAbs that identified either the LI virus E or NS 1 protein were used. Their antigenic and molecular specificities were described previously by Venugopal et al. (1992) . Hyperimmune antiserum against LI virus was prepared by inoculation of sheep with a methanol-precipitated adjuvant vaccine (Brotherston & Boyce, 1970) . Binding specificities of MAbs were determined by indirect immunofluorescence assays (Gould et al., 1985a) using LI or TBE viruses. Two E-specific MAbs, LM7.1 and LM4.2, were used for neutralization tests, which were carried out in Linbro 12-well flat-bottomed tissue culture plates. Tenfold dilutions of MAbs, as ascitic fluids, were incubated for 1 h at 37 °C with equal volumes of each virus diluted to give 30 to 50 plaques in control cultures. Aliquots of 200 pl of each mixture were then incubated on PK cell monolayers for 1 h at 37 °C. After washing, the monolayers were overlaid with Eagle's MEM containing 4% foetal calf serum and 0.8% agarose. Neutralizing titres were expressed as the reciprocal of the antibody dilution that reduced the plaque count by 75%. Haemagglutinins of LI/NOR, LI/31, LI/K and LI/SB526 viruses were prepared from supernatant media of infected BHK89 cells and concentrated using 7% (w/v) polyethylene glycol in 0.4 ~-NaC1. The HA test was carried out as described by Clarke & Casals (1958) using gander erythrocytes.
Suckling mouse brain suspensions (10% w/v) of plaque-purified virus [LI/K, LI/31(MS) and LI/NOR] were used for the extraction of viral RNA. The virus suspension was treated with proteinase K (200 ~tg/ml) in 100 mN-Tris-HC1 pH 8.8, 10 mM-EDTA and 2% SDS and incubated at 37 °C for 30 min. The mixture was extracted with phenol and ether and the extracted viral RNA was precipitated with absolute alcohol. Firststrand cDNA was synthesized using the conserved downstream primer (5' ctcgaattcGGTAGTATGCAT-AGTT 3', complementary to the LI virus nucleotides 2449 to 2464) and the E gene was subsequently amplified by standard polymerase chain reaction (PCR) [annealing temperature 40 °C (five cycles) and 45 °C (25 cycles)] using the upstream primer (5' CCAGATCTACGCA-TGGCGCTGTAC 3', nucleotides 858 to 881 of the LI virus gene sequence) and the same downstream primer as used in the synthesis of the first-strand cDNA. Eleven nucleotides of the upstream primer were located within the E gene, but the sequences of all known TBE subgroup viruses are highly conserved in this region. To inactivate the Taq polymerase activity, the correctly sized PCR product was treated with proteinase K (200 gg/ml PCR product in 100 mM-Tris HC1 pH 8.0 containing 10 mM-EDTA and 2% SDS at 37 °C, for 30 min) and then purified from 1% low melting point agarose gels followed by Gene Clean (Bio 101). The product was cloned into the pUC119 vector and sequenced in both directions by double-stranded dideoxynucleotide sequencing (Sanger et al., 1977) . Two transformed subclones of each virus were sequenced and a third subclone was also sequenced in specific regions to confirm the identity of the products. All other molecular manipulations followed standard methods (Sambrook et at., 1989) . Both nucleotide and amino acid sequence comparisons and homology calculations were performed using the CLUSTAL program (Higgins & Sharp, i988 ) and the University of Wisconsin Genetics Computer Group packages. The sequence data of the other two LI virus strains, LI/369 and LI/SB526, have been published elsewhere (Shiu et al., 1991 ; Venugopal et al., 1992) .
A series of conventional serological tests was performed in comparative assays with the four Scottish viruses, LI/NOR virus and TBE virus (strain Hypr). In HA tests, all viruses showed high titres at pH 6.2. Haemagglutination inhibition tests (Clarke & Casals, 1958 ) with a MAb (LM7.1) and a hyperimmune sheep antiserum against LI virus showed no significant difference between the viruses. Indirect immunofluorescence tests with either E-or NSl-specific MAbs (Venugopal et at., 1992) 
tests for mice were therefore carried out with each of the viruses described above. Groups of 20 mice (at 3 weeks old) were inoculated intraperitoneally with an estimated 1000 p.f.u, of appropriate virus and monitored daily. Mortality rates with the LI virus isolates (including LI/NOR virus) were between 40 and 80 %, and mouse survival times varied from 8 to 16 days, whereas all mice inoculated with TBE virus were dead within 8 days.
The nucleotide sequences of the E genes of four Scottish LI viruses and the Norwegian virus are shown in Fig. 1 and the variable amino acid residues are shown in Table 2 . Comparison of the nucleotide and deduced amino acid sequences showed that LI/NOR virus shares very close similarity with the four Scottish LI virus isolates, but its homology with the TBE serocomplex viruses, i.e. TBE Neudorfl (Mandl et al., 1988) and TBE Sot]in (Pletnev et al., 1990) , was lower (Table 3 ). The maximum variation in identities among the four Scottish LI virus isolates was 4-4% and 1.8 % respectively for nucleotide and amino acid alignments. Minimum identities of LI/NOR virus with four recognized LI viruses were 95.9 % and 98.4 % respectively for nucleotide and amino acid alignments. Thus the identity values of LI/NOR virus compared with these four LI viruses fall within the range of variability of LI virus strains. For all flaviviruses, strain variations generally do not exceed a 2 % amino acid sequence divergence for the E proteins (Heinz et al., 1990) . Nevertheless, LI/NOR virus showed one unique amino acid substitution (position 482), but its significance is not known at this time. Both the recognized hexapeptide genetic marker, EHLPTA (amino acids 207 to 212 in LI virus E gene), for tickborne flaviviruses (Shiu et al., 1991) and the tetrapeptide genetic marker, GNPH (amino acids 231 to 234), for LI viruses (Shiu et al., 1992) , were totally conserved. These results taken together therefore indicate that LI/NOR virus is probably a strain of LI virus.
Based on the structure proposed by Mandl et al. (1989) for the E protein, some of the variable amino acid residues of the five strains reported herein were found in domain A, some in the domain that encodes T cell determinants and also some in the hydrophobic tail of the E protein. It can be seen in Fig. 1 that a total of 98 nucleotide substitutions was present in the E gene of the five strains of LI virus. LI/NOR virus had 15 unique nucleotides (highlighted with asterisks in Fig. 1 ) and for the other strains the number of unique nucleotides was: 3, LI/31 virus; 8, LI/SB526 virus; 12, LI/K virus; and 14, LI/369 virus. According to Buonagurio et al. (1986) , in virus evolution, the relative extent of nucleotide substitutions could reflect the time of appearance of new viruses. From our limited data, it can be deduced that the LI virus was probably introduced into Norway relatively recently. Although Ixodes ricinus, the tick vector of LI virus, is abundant in Norway, only two isolates of TBE virus were obtained from L ricinus in 1978 after many years of effort (Traavik, 1979) , and there have been no reported cases of TBE in humans in Norway. The M/NOR virus was isolated in 1984. The E genes of flaviviruses are comparatively stable compared with other RNA genomes (Heinz et al., 1990) and our sequence data appear to confirm this. The evolution of LI virus E genes needs to be clarified as more E gene sequences of isolates from different years and different places become available. In view of this recognized genetic stability, and taking into account the sequence 
